The oxidative phosphorylation (OXPHOS) pathway is an efficient way to produce energy via adenosine triphosphate (ATP), which is critical for sustaining an energy supply for cetaceans in a hypoxic environment. Several studies have shown that natural selection may shape the evolution of the genes involved in OXPHOS. However, how network architecture drives OXPHOS protein sequence evolution remains poorly explored. Here, we investigated the evolutionary patterns of genes in the OXPHOS pathway across six cetacean genomes within the framework of a functional network. Our results show a negative correlation between the strength of purifying selection and pathway position. This result indicates that downstream genes were subjected to stronger evolutionary constraints than upstream genes, which may be due to the dual function of ATP synthase in the OXPHOS pathway. Additionally, there was a positive correlation between codon usage bias and omega (x = dN/dS) and a negative correlation with synonymous substitution rate (dS), indicating that the stronger selective constraint on genes (with less biased codon usage) along the OXPHOS pathway is attributable to an increase in the rate of synonymous substitution. Surprisingly, there was no significant correlation between protein-protein interactions and the evolutionary estimates, implying that highly connected enzymes may not always show greater evolutionary constraints. Compared with that observed for terrestrial mammals, we found that the signature of positive selection detected in five genes (ATP5J, LHPP, PPA1, UQCRC1 and UQCRQ) was cetacean-specific, reflecting the importance of OXPHOS for survival in hypoxic, aquatic environments.
Introduction
Cetaceans have an unusual evolutionary history, being transformed from a terrestrial to an aquatic environment and accompanied by a suite of anatomical and physiological adaptations for obligate aquatic life (McGowen et al., 2014) . Among all of the challenges that cetaceans face, acute tissue hypoxia during diving is one of the biggest (Butler, 2004) . Cetaceans are generally hypoxia-tolerant species and display traits, such as improved oxygen storage and transportation by the enhanced function of respiratory proteins (Tian et al., 2016) , that save oxygen by reduction in their metabolic rate and redistribution of the oxygen supply to sensitive organs via selective vasoconstriction (Ramirez et al., 2007) . These characteristics allow them to persistently produce energy supply through adenosine triphosphate (ATP) to sustain cellular metabolism during hypoxic submersion (Butler, 2004) .
Mitochondrial respiration plays a central role in producing ATP through oxidative phosphorylation (OXPHOS) (Fig. 1) . The enzymes involved in OXPHOS are multi-subunit complexes, which accept electrons from electron carriers reduced by glycolysis and the tricarboxylic acid cycle. The electrons flow from reduced nicotinamide adenine dinucleotide (NADH) and succinate to NADH dehydrogenase in complex I and succinate dehydrogenase in complex II. Coenzyme Q (CoQ) then accepts electrons to form ubiquinol, which donates them to the cytochrome bc1 complex (Complex III). As the next electron acceptor, cytochrome c (Cyt c) donates electrons to cytochrome c oxidase (complex IV). ATP synthase (complex V) condenses adenosine diphosphate (ADP) and Pi into ATP using the electrochemical gradient created by these four enzyme complexes (Das, 2006 ). Finally, protons (H + ) are pumped from the matrix to the intermembrane space through complexes I, III and IV and then back into the matrix through complex V, to condense ADP and Pi into ATP (DiMauro & Schon, 2003) .
The regulation of OXPHOS enzymes has been demonstrated to mediate a wide range of physiological changes and environmental acclimations in invertebrate and vertebrate species (Das, 2006) . To date, many studies have been conducted on the evolution of OXPHOS genes. For example, Castoe et al. (2008) detected that snake mitochondrial proteins (e.g. cytochrome c oxidase subunit I) have undergone positive selection, coevolution, convergence and reversion at functionally critical residues, suggesting that they are adapted to a subterranean lifestyle. Shen et al. (2010) showed that genes involved in OXPHOS were targets of natural selection in bats and allowed adaptation for the huge energy demands required for flight. Additionally, genes for energy metabolism proteins evolved in cetaceans during the transition from land to water (McGowen et al., 2012) . Altogether, these studies have shown that natural selection may drive the evolution of OXPHOS proteins. However, how network architecture impacts OXPHOS protein sequence evolution remains unclear.
In recent years, molecular evolution within network architectures has received increasing interest in population genetics. Evolutionary studies have uncovered changes in the nodes and edges in protein-protein interactions (PPI) (e.g. a highly connected node represents a protein with many interactions), and metabolic networks are subject to different selection pressures owing to distinct network features (Yamada & Bork, 2009 ). For instance, many reports have demonstrated that the level of functional constraint depends on a protein's position in the pathway: in some pathways, the upstream proteins were observed to be more constrained in their evolution (Rausher et al., 1999; Riley et al., 2003; AlvarezPonce et al., 2009) , whereas in others, the downstream proteins (later steps in an enzymatic or signalling pathway) were subjected to stronger evolutionary constraints (Alvarez-Ponce, 2012; Darfour-Oduro et al., 2016) . In other cases, genes occupying central positions tended to be more constrained than peripheral genes (Lavagnino et al., 2012; Invergo et al., 2013) . Additionally, network parameters including protein length (Darfour-Oduro et al., 2016) , the number of PPIs (Lemos et al., 2005) , codon bias (Montanucci et al., 2011) , microRNAs (miRNAs) (Han et al., 2013) and the length of the 3 0 -untranslated region (Darfour-Oduro et al., 2016) were also Fig. 1 The selected mitochondrial oxidative phosphorylation (OXPHOS) pathway. The five multimeric protein complexes are indicated in blue. The number of nuclear genes searched in KEGG and the cetacean-specific positively selected genes are shown. ADP, adenosine diphosphate; ATP, adenosine triphosphate; CoQ, coenzyme Q; Cyt c, cytochrome c; e found to affect the evolutionary rate of genes within gene pathways and networks.
Given that the OXPHOS pathway has been critical to cetaceans for survival in a hypoxic environment, it was expected to make an excellent case study for examining the correlations between pathway evolution and molecular adaptation. By searching in KEGG pathways, we identified 97 nuclear genes that are directly involved in the cetacean OXPHOS pathway, by transferring electrons from one receptor to another receptor. In this study, we further investigated the evolutionary mechanism of genes within the OXPHOS pathway across cetacean species to determine (i) whether there was a correlation between evolutionary rates and gene pathway position within the OXPHOS pathway, (ii) which of the network parameters contributed most to the observed selection patterns, and (iii) whether OXPHOS genes of cetaceans evolved adaptively during the cetacean transition from the land to the sea, compared with terrestrial mammals.
Materials and methods

Selecting species and finding orthologous genes
Genomes from six cetaceans, including bottlenose dolphin (Tursiops truncatus), baiji (Lipotes vexillifer), killer whale (Orcinus orca), sperm whale (Physeter macrocephalus), bowhead whale (Balaena mysticetus) and minke whale (Balaenoptera acutorostrata), were selected for this study. Using the KEGG PATHWAY Database (Kyoto Encyclopedia of Genes and Genomes, Kanehisa & Goto, 2000) , 97 nuclear genes involved in OXPHOS (ko00190) were selected. The genomic coordinates of bottlenose dolphin genes within the OXPHOS pathway were obtained from the Ensembl database (http://www.ense mbl.org). In addition to cetaceans, the representatives of other mammalian lineages, including the Artiodactyla, Chiroptera, Rodentia, Carnivora and primates, were also analysed in this study. A list of genes and accession numbers for these queries are provided in Table S1 . Orthologous genes for the other five cetacean genomes were blasted using the bottlenose dolphin protein sequences (Johnson et al., 2008) with the e-value limited to ≤ 10 À5 . If a gene was found to have more than one transcript, the longest transcript was chosen for analysis. Coding sequences were aligned using MUSCLE in MEGA6 (Tamura et al., 2013) and checked by eye.
Estimating evolution rate and detecting adaptive evolution
To test for the impact of natural selection for each gene, the program codeml from PAML package version 4 was run, which estimates the nonsynonymous substitution rate (dN), the synonymous substitution rate (dS) and their ratio (x = dN/dS) by a maximum-likelihood (ML) computation (Yang, 2007) . The x values can be interpreted as measures of the strength of purifying selection (x < 1), positive selection (x > 1) and neutral selection (x = 1). The well-supported phylogeny of mammals was used for all analyses (Fig. 2) (Ranwez et al., 2007) .
We first used a site model to detect signatures of positive selection at each codon in all mammals. The model incorporating selection (M8) that allows positive selection (alternative hypothesis, beta and x > 1) among sites was compared to the nearly neutral model (M8a) (null hypothesis, x fixed at 1) to test the positively selected sites (Swanson et al., 2003) . Site model tests were performed in cetaceans to further determine whether a similar selection pattern also occurred in cetaceans. To investigate the evidence for positive selection of OXPHOS genes in cetaceans and their mammalian counterparts, modified branch-site model A was then used along the ancestral and terminal branches leading to cetaceans (Fig. 2) , which detected independent x values which varied among sites along specific lineages (Zhang et al., 2005) . The nested models were compared using a likelihood ratio test (LRT) (Yang, 2007) . Amino acids under selection for M8 and branchsite model A were identified using Bayes empirical Bayes (BEB) analysis, and sites with a posterior probability ≥ 80% were considered as candidates. Multiple testing for positive selection on genes was corrected for by conducting a false discovery rate (FDR) test at a q value of 0.05 (Benjamini & Hochberg, 1995) . As the models in PAML only consider the variation in the nonsynonymous substitution rate, further support for the PAML results was obtained using models from Datamonkey (http://www.datamonkey.org), namely the fixedeffect likelihood (FEL) model, the random effect likelihood (REL) model (Pond & Frost, 2005) and the mixed effects model of evolution (MEME) (Murrell et al., 2012) , which incorporated variation in the rate of synonymous substitution. Sites with P values < 0.1 for FEL and MEME and Bayes factor > 50 for REL were considered as candidates under positive selection. A more accurate understanding of the sites affected by positive selection was obtained by combining the results from all of the present analyses.
In addition, to estimate the strength of purifying selection acting on a gene, the unique dN, dS and x ratios encompassing all branches of the tree were determined through the M0 model of the CodeML program. All models were estimated using three different starting x values (0.5, 1.0 and 1.5) to increase the probability of convergence of the model parameters.
Analyses of the OXPHOS pathway network
To determine the evolution of proteins comprising the OXPHOS network structure, network parameters for each node were computed for each gene and were correlated with each evolutionary rate estimated by model M0. In the analysis of the network structure, nodes represented proteins and edges represented the interactions between them. The network parameters of pathway position, PPIs and codon usage bias were considered in this study (Table S2) . First, enzymes in the electron cascade (complex I to complex V in the OXPHOS pathway) were sequentially numbered from the first enzyme involved in the electron transfer through to the last enzyme involved in the production of ATP (Fig. 1) . Therefore, pathway position was calculated with numbers from 1 to 5 (Table S2) . Second, PPIs were understood as physical contacts with molecular docking between proteins occurring in a cell in vivo (De Las Rivas & Fontanillo, 2010) . The number of PPIs between proteins within the OXPHOS pathway was determined from the STRING 10.0 database (http:// string.embl.de/) with the following settings: T. truncatus, highest confidence of 0.700, and no more than 50 interactors. STRING is a database and web resource dedicated to PPIs, including both physical and functional interactions from high-throughput experiments and genomic context sources (Szklarczyk et al., 2011) . Third, codon usage bias is the unequal usage of codons encoding the same amino acid and is estimated as the median of the effective number of codons (ENC; Wright, 1990) . ENC values were obtained using DNASP software (Librado & Rozas, 2009 ). Finally, we also considered protein length, which has a relationship with evolutionary rate (Comeron et al., 1999) .
Statistical analyses
The Statistical Package for Social Sciences for Windows (SPSS, version 22.0; IBM, Armonk, NY, USA) and the Analysis of Moment Structures module for Windows (AMOS, version 22.0; IBM) were used to conduct the statistical analyses. Before all statistical analyses, data were standardized by a min-max normalization method. The relationships of protein length and network parameters with the substitution rates (x, dN, and dS) were tested by computing bivariate correlations and corrections for multiple testing. Correlation coefficients (q) are a measure of the extent to which scores on two variables go up together (positive correlation) or one goes up whereas the other goes down (negative correlation). Significance tests of correlations (P < 0.05) in a correlation matrix provide an indication of the reliability of the relationships between pairs of variables (Tabachnick & Fidell, 2001) .
To further evaluate whether these bivariate correlations were due to direct or indirect influences, we performed a multivariate analysis, that is, partial correlation and path analysis. Partial correlation analysis estimates the strength of the relationship between two variables by holding one or more variables constant, whereas path analysis, an extension of a multiple regression analysis, measures direct and indirect components under a user-defined causal model. Pathway position, PPI, ENC and protein length were considered as exogenous variables, whereas x and dN were considered as endogenous variables.
Results
In this study, 97 genes were selected as being directly relevant to the OXPHOS pathway in cetaceans, including genes encoding the enzymes NADH dehydrogenase, succinate dehydrogenase, ubiquinol-cytochrome c reductase, cytochrome c oxidase and ATP synthase (Table S2) . Further, as the pathway has a clear sequentiality delineated by electron transport, the proteins involved in the OXPHOS pathway were ordered by complex (Table S2) , that is, complex I, complex II, complex III, complex IV or complex V (Fig. 1) .
Analysis of evolutionary rates and pathway structure
Evolutionary measures (x, dN and dS) for each gene were estimated by the M0 model, which provides a single estimate of x across all codons and lineages. The x values obtained for all genes ranged from 0 (ATP6V0C) to 0.86316 (COX8A), and the median was 0.21214 (Table S2 ). This indicates that purifying selection has acted on each gene in this highly conserved pathway. Of these genes, ATP6V0C and ATP5I had x values equal to 0, indicating that no nonsynonymous substitutions were observed (dN = 0). Notably, to strengthen the robustness of the correlation between the x value of genes and their pathway structure for subsequent analysis, we removed ATP5E because of the lack of synonymous substitutions (dS = 0), to ensure that results were not influenced by high x values (Table S2) .
To test whether there was any correlation between the evolutionary measures (x, dN and dS) of a gene and its position along the pathway (from upstream to downstream, components of pathway position 1, 2, 3, 4 or 5), a Spearman's rank correlation test between the two variables was performed. The x values were negatively correlated with pathway position (Spearman's rank correlation coefficient q = À0.394; P < 0.0001 after FDR correction; Fig. 3) , meaning that downstream genes were under stronger purifying selection than were upstream genes.
Besides pathway position, network parameters may also influence the evolutionary parameters (x, dN and dS). To examine whether the evolutionary parameters correlated with other attributes of the nodes within the topology of the network, PPI, protein length and ENC were investigated in relation to the x, dN and dS estimates of the corresponding genes (Fig. 3 ). Spearman's rank correlation test showed that the x values were positively correlated with ENC (Spearman's rank correlation coefficient q = 0.302; P = 0.008 after FDR correction) and negatively correlated with protein length (Spearman's rank correlation coefficient q = À0.404; P < 0.0001 after FDR correction). Similarly, dN values were also negatively correlated with protein length (Spearman's rank correlation coefficient q = À0.308; P = 0.015 after FDR correction), indicating a protein length may influence its evolution. In addition, of the measures we calculated, ENC was found to have a significant negative correlation with dS (Spearman's rank correlation coefficient q = À0.427; P < 0.0001 after FDR correction). This indicates that the rate of synonymous substitution per site is negatively related to the degree of codon usage bias, suggesting a stronger selection based on codon usage in genes with low codon bias than in genes with high codon bias.
Given that the x values were significantly correlated with pathway position, protein length and ENC, one might hypothesize that the interactions of these three parameters are indirect, meaning the degree of one parameter's correlation with the evolutionary parameters may modulate correlation with the others. This was found to be the case. Partial correlation analysis (Table S3) revealed that, when controlling for pathway position, the correlations between protein length (Spearman's rank correlation coefficient q = À0.296; P = 0.008) or ENC (Spearman's rank correlation coefficient q = 0.257; P = 0.023) and x remained significant. Similarly, the correlations between x with pathway position (Spearman's rank correlation coefficient q = À0.245; P = 0.030) and x with ENC (Spearman's rank correlation coefficient q = 0.276; P = 0.014) were also significant, while controlling for protein length. Furthermore, when ENC was held constant, the
correlation between x with pathway position (Spearman's rank correlation coefficient q = À0.312; P = 0.005) and protein length (Spearman's rank correlation coefficient q = À0.365; P = 0.001) remained significant. These results indicate that, indeed, pathway position, protein length and ENC are important factors affecting the evolution of genes in the OXPHOS pathway.
To better characterize the relationships among these factors, we further applied path analysis. For the path analysis, we used the causal model depicted in Fig. 4 . There was a significant negative association between x and pathway position (standardized path coefficient = À0.674, P = 0.003), in agreement with the results of the partial correlation analysis. Additionally, a significant positive association was observed between x and PPI (coefficient = 0.681, P < 0.001). This analysis also showed that dN values were negatively associated with protein length (coefficient = À0.637, P = 0.007) and ENC (coefficient = À0.668, P = 0.002). As depicted in Fig. 4 , pathway position was positively associated with protein length (coefficient = 0.388, P < 0.001).
Analysis of positive selection
Although genes in the OXPHOS pathway are under purifying selection to maintain their function, a gene could have experienced positive selection because adaptive forces often operate episodically on a few functional amino acid sites. Using ML methods, we estimated the selective pressure acting on genes within the OXPHOS pathway. Positive selection was estimated by the M8a model (nearly neutral model) vs. the M8 model (positive selection model). LRTs showed that the model M8 fitted significantly better than the model M8a for 11 genes in all mammals (Table S4 ). Moreover, model M8 also detected sites under selection for the seven genes specific to cetaceans (ATP6V0A2, ATP6V1B1, LHPP, NDUFB10, NDUFS6, NDUFV3 and PPA1) with a posterior probability of 80% identified by the BEB analysis (Table 1) , suggesting the ongoing evolution of OXPHOS genes that extends to cetaceans. All of the seven genes still showed positive selection after stringent correction for multiple testing. To identify robust candidates for sites under selection, other ML methods (FEL, REL and MEME) from Datamonkey were also used. Several of the putative sites under selection are shared between two or more ML methods (Table 2 ). This observation indicates that the molecular evolution of OXPHOS pathway components was affected by some specific genes, with positively selected amino acids, within the pathway.
The branch-site model was then used to test for positive selection at individual sites along the lineages in the Fig. 3 The evolutionary parameters x, dN and dS vs. pathway position, protein length and ENC. All relationships are significant. A leastsquares regression line is shown. The values for x, dN and dS were evaluated by M0 in PAML. (Fig. 2) . Interestingly, a total of 15 genes show evidence of positive selection (Table 3,  Table S5 ) along the terminal lineages leading to bottlenose dolphin (ATP5J), killer whale (CYC1), baiji (UQCRQ), sperm whale (ATP4A, LHPP, NDUFA9, NDUFB10, ATP6AP1, COX7C, COX4I1, ATP5D, TCIRG1) and minke whale (LHPP), as well as along the ancestral lineages leading to delphinidae (PPA1), the last common ancestor of baiji and delphinoidea (PPA1) and the last common ancestor of cetacean (ATP12A, ATP4A). We also found some genes in the terrestrial groups to be under positive selection, for example, three Artiodactyla genes (COX4I2, COX5A and NDUFA10), three Carnivora genes (ATP6V0E1, CYC1 and SDHC), six Chiroptera genes (ATP4A, ATP4B, ATP6AP1, ATP6V1B1, COX4I1 and NDUFV3), 11 primate genes (ATP12A, ATP5D, ATP5H, ATP6AP1, COX7C, COX8A, NDUFA6, NDUFA9, NDUFB4, NDUFB5 and TCIRG1) and two Rodentia genes (ATP6V0C and NDUFB10) ( Table 3, Table S5 ). Compared with the other nonwhale mammals, the whale lineage contains five unique genes positively selected, that is, ATP5J, LHPP, PPA1, UQCRC1 and UQCRQ.
Discussion
Polarity of the selective constraints within the cetacean OXPHOS pathway
In cetaceans, we detected a correlation between the strength of purifying selection and pathway position within the OXPHOS pathway, where the sign of the correlation coefficient was always negative regardless of the method we used. This consistent result suggests that ATP synthase (ATPase, complex V, downstream) responsible for catalysing ATP synthesis is more constrained than ubiquinone oxidoreductase (NADH, complex I, upstream) responsible for transferring electrons from NADH to ubiquinone. ATPases are reversible enzymes and catalyse not only ATP synthesis by OXPHOS using the proton gradient generated by oxidation reactions but also hydrolyse ATP to generate proton gradients (Senior, 1988) . Thus, one possible explanation is that the more downstream components may be under stronger purifying selection because of this dual function in the OXPHOS pathway. As inferred here, several other studies conducted on various biological pathways have also reported a negative correlation between selective constraints and gene position within a pathway, such as the yeast HOG signal transduction pathway (Wu et al., 2010) , the primate N-glycosylation metabolic pathway (Montanucci et al., 2011) , the vertebrate insulin and TOR signal transduction pathway (Alvarez-Ponce et al., 2011), the Drosophila Toll and Imd signalling pathways (Han et al., 2013) and the plant isoprene biosynthetic pathway (Sharkey et al., 2005) . Furthermore, in the Suidae Toll-like receptor (TLR) signalling pathway, downstream genes also evolved under higher levels of selective constraint than did upstream genes (Darfour-Oduro et al., 2016) . Although the opposite direction of selective constraint polarity has been observed in earlier works (Riley et al., 2003; Ramsay et al., 2009) , this feature still indicates a more general mechanism. In combination with these studies, it is conceivable that gene position within the OXPHOS pathway was an important factor influencing protein sequence evolution. The observed selective constraint polarity along the OXPHOS pathway may be due to polarity for other interaction factors that influence gene evolution. Indeed, partial correlation and path analysis carried out independently for each parameter showed that a negative sign in the association between pathway position and x remained significant after controlling for protein length and ENC. Thus, protein length and ENC might contribute to the observed selective constraint polarity along the pathway, where genes with less biased codon usage and encoding longer proteins tend to evolve under stronger purifying selection. Furthermore, a positive correlation was observed between pathway position and protein length using path analysis (Fig. 4) , which Table 2 The positively selected sites detected by four maximum-likelihood approaches, along with integrated sites, in energy metabolism genes in cetaceans. The sites detected by more than one method are in integrated sites and are in bold and underlined. LHPP 36, 38, 40, 42, 38, 40, 173, 243 36 36, 38, 40, NDUFB10 40, 43, 72, 41, 42, 43, 56, 72, 120, 123, 164, 167 39, 41, 43, 72, 120, 123, 164, 167 40, 41, 43, 72, 123, 164, 167 NDUFS6 4, 8, 48, 49, 86, 122, 8, 16, 30, 31, 35, 47, 48, 49, 79, 81, 86, 90, 122, 123 123 4, 8, 48, 49, 86, 122, 123 NDUFV3 158, 159, 419, 226, 419, 420, 421 158, 159, 419, 421 PPA1 21, 131, 264, 21, 22, 25, 110, 129, 130, 131, 207, 238, 264, 269, 272, 286 21, 131 21, 131, 264, 269 UQCRC1 258, 404, 441, 474 258 258, 404, 441, 474 258 258, 404, 441, 474 '-' indicates codons not identified as positively selected by the ML methods.
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*Codons with posterior probabilities > 80% in the BEB analyses. †Codons with P values < 0.10 for FEL and MEME. ‡Codons with Bayes factors > 50. §Codons identified by more than one ML method are in bold and underlined. The positively selected genes (PSGs) were detected by branch-site model A. The unique positively selected genes detected in cetaceans are in bold.
further implies that increased protein length along the OXPHOS pathway may be responsible for the polarity of selective constraints. In addition to the positive correlation between ENC and x, our results showed that ENC negatively correlates with dS, indicating that the stronger selection constraint on genes (with less biased codon usage) along the OXPHOS pathway is attributable to an increase in the rate of synonymous substitution. In mammals, synonymous substitution rates vary much more than would be expected by chance alone (Sharp et al., 1995) . From the earlier reports, it was clear that the codon usage of a gene is positively related to its expression level. In other words, genes with low expression have less biased codon usage (Wright, 1990; Sharp et al., 1995) .
Connectivity plays a major role in constraining evolutionary rates within metabolic pathways. As inferred in previous studies, correlation between connectivity and the strength of purifying selection has been observed in a large number of studies, including those for metabolic networks in yeast, pathways for insulin and TOR, N-glycosylation, phototransduction, TLRs in vertebrates and terpenoid biosynthesis in plants (Vitkup et al., 2006; Ramsay et al., 2009; Alvarez-Ponce et al., 2011; Montanucci et al., 2011; Invergo et al., 2013; Darfour-Oduro et al., 2016) . Moreover, this correlation may be primarily mediated by the corresponding gene's expression level (Pal et al., 2001) . This feature, nevertheless, was not found in our study. There were no significant correlations between PPI and the evolutionary estimates. Hence, this observation in our study indicates that highly connected enzymes may not show greater evolutionary constraints but their evolution may depend on other architectural factors of the OXPHOS pathway.
Molecular evolution of the OXPHOS pathway in cetaceans and noncetaceans
In this study, there were no nonsynonymous substitutions observed in ATP6V0C. ATP6V0C is a subunit of the V0-ATPase, which has an important role in forming the H + translocating channel (Forgac, 1989) . Additionally, it is also involved, as a regulator, in hypoxiainducible factor 1a (HIF-1a) induction and expression by bafilomycin (Lim et al., 2007) . Thus, the constrained function of ATP6V0C may be related to hypoxia tolerance in cetaceans. In spite of this, we also identified a footprint of positive selection in seven genes in cetaceans. The strongest evidence for positive selection was seen for NDUFB10 and NDUFS6. For both genes, seven codons (Table 2) were concordant between at least two ML methods and, thus, constitute robust candidates for positive selection. Hebert-Chatelain et al. (2012) have shown that the phosphorylation of NDUFB10 by Src kinase could influence the transfer of electrons within complex I and increase its enzymatic activity; thus, the observed positive selection on the NDUFB10 gene in cetaceans is suggestive of enhanced capability for transferring electrons and proton translocation by complex I. It should be noted that the mutated NDUFS6 subunit has also been shown to be associated with a complex I deficiency (Kirby et al., 2004) and even to cause fatal diseases in human (Spiegel et al., 2009) , which further implies NDUFS6 plays an important role in maintaining the normal function of complex I.
A number of cetacean-specific positively selected genes detected by branch-site model are particularly interesting because they are strongly associated with hypoxia stress resistance. For example, UQCRC1 and UQCRQ have an important role in mitochondrial complex III, catalysing the transfer of electrons from CoQ to cytochrome c. It has been reported that the functionality of complex III is required for hypoxic stabilization of HIF a and that an increase in reactive oxygen species links this complex to HIF-a stabilization (Guzy et al., 2005) . Positive selection of these genes suggests the importance of mitochondrial complex III to energy metabolism for survival in hypoxic, aquatic environments. Another gene, ATP5J, is a critical enzyme responsible for ATP synthesis, which can hydrolyse ATP to pump protons out of the mitochondrial matrix (Campanella et al., 2009) . Positive selection of this gene may reflect that aquatic adaptation involves regulating proton-pumping capacity, which sustains electrical membrane potential and allows tissues to tolerate hypoxia. PPA1 and LHPP function in inorganic pyrophosphate (PPi) hydrolysis and energy coupling (Lundin et al., 1991; Yokoi et al., 2003) and are markedly positively selected in cetaceans, reflecting that these enzymes have an important role for cetaceans probably via efficient control of cellular PPi levels low oxygen conditions. In particular, PPA1 shows a cetacean-specific amino acid change, Gly105Arg (Fig. S1 ), which might contribute to increased hypoxia resistance in cetaceans. Further functional investigation is necessary to determine its role in hypoxia adaptation.
Additionally, some positively selected genes were also detected in the terrestrial groups, suggesting that OXPHOS genes have different selection signatures, which affirms their important role also in mammalian adaptations. For example, clear evidence that positive selection acted on OXPHOS-related genes, including ATP4A, ATP4B, ATP6AP1, ATP6V1B1, COX4I1 and NDUFV3, in bats agrees with a previous study that showed that adaptive evolution had occurred on genes (both mitochondrial and nuclear-encoded genes) involved in energy metabolism for adaptation to the flight lifestyle of bats (Shen et al., 2010) . In addition, we also found that protein subunits of complex I (NDUFA6), complex IV (COX7C and COX8A) and complex V (ATP12A, ATP5D, ATP5H and ATP6AP1) have all undergone positive evolution in primates, which may coincide with the expansion of the energydependent neocortex during the emergence of the higher primates (Grossman et al., 2001) . Further research should focus on this interesting phenomenon to discover the biochemical adaptation of the OXPHOS pathway in mammals.
Conclusions
This is the first comprehensive analysis of OXPHOS pathway topology and gene molecular evolution in cetaceans, and we confirm that the OXPHOS pathway architecture did affect the constrained evolution of genes. In particular, we found that downstream genes are more conserved, suggesting the critical importance of ATP synthase in the OXPHOS pathway of cetaceans. Moreover, we also found that the positive correlation between codon usage bias and x may be attributable to an increase in the rate of synonymous substitution. Our finding is not congruent with a previous conclusion that connectivity is correlated with the functional constraint of genes within pathways, suggesting that highly connected enzymes may not always show greater evolutionary constraint. In addition, compared with that observed for terrestrial mammals, the cetacean-specific genes ATP5J, LHPP, PPA1, UQCRC1 and UQCRQ exhibited signatures of positive selection, possibly showing that cetaceans have an improved ability for OXPHOS to adapt to aquatic environments. We anticipate that future network analysis studies will pay more attention to different metabolic pathways to elucidate the evolutionary mechanisms underlying aquatic adaptation of cetaceans.
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